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The validity of the free radical theory of aging has been recently questioned. Our aim was to test
whether there is oxidative stress in tissues critically involved in accelerated aging (senescence-accel-
erated mice, SAM) and whether this correlates with lower glucose consumption in vivo and behav-
ioural tests. Positron emission tomography shows that brains of old SAM-prone animals consume
less glucose than young ones. Behavioural characteristics, mitochondrial peroxide production,
and damage in both the central nervous system and bone marrow stem cells also indicate that
SAM-prone animals age faster than SAM-resistant ones. Our results support the role of the free rad-
ical theory of aging in critical tissues involved in aging and that this correlates with glucose
consumption.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Recent evidence against the free radical theory of aging comes
from two different ﬁelds, animal experiments as well as human
nutrition. Hutter et al. did not ﬁnd accumulation of oxidized prod-
ucts in muscle of aged animals [1]. Moreover, compelling evidence
from human nutrition shows that supplementation with antioxi-
dant vitamins decreases life span instead of increasing it [2–4].
Our aim was to test whether critical tissues associated with
aging, such as central nervous system [5] and stem cells [6] do in-
deed show signs of increased oxidative stress. Senescence-acceler-
ated mice (SAM) are a strain of inbred mice (derived from AKR/J
mice) which consist of a series of senescence accelerated mice
prone (SAMP) (prone) and senescence accelerated mice resistant
(SAMR) (resistant) lines [7]. All SAMP lines (from 1 to 11) are char-
acterized by accelerated accumulation of senile features, earlier
onset or faster progress of age-associated pathological phenotypes,
including disorders of senile functions, weakening of learning and
memory. Control lines (SAMR1–5) have longer lifespan and morechemical Societies. Published by E
resistant; SAMP, senescence
acid; ROS, reactive oxygen
.stable metabolism. However, in some of them (SAMR1, SAMR4)
non-thymic lymphomas and histiocytic neoplasm were shown.
Among different SAMP lines, SAMP1 has one of the shortest life-
span, multiple defects in immune system, senile metabolic disor-
ders, and apparent failure in learning ability [7,8].
They show deposition of senile plaques in their brain [9], disor-
ders of immune function [10], lower capacity for learning and
memory [11] and eventually lower life span [12,13]. A common
feature of all these animals is that they have an increased produc-
tion of reactive oxygen species (ROS) as well as a lower capacity for
detoxifying them [12]. We also aimed at correlating these signs of
oxidative stress with a deteriorated neurological capacity as well
as with lower glucose consumption in vivo by the brain as deter-
mined by positron emission tomography. Our results show that
there is an age-associated oxidative damage in brown marrow
stem cells and in brain which correlates with loss of metabolic
and physiological performance; they support the free radical the-
ory of aging.2. Materials and methods
2.1. Animals
We used the SAM strain model of mice [7], speciﬁcally the
SAMP1 and SAMR1 strains.lsevier B.V. All rights reserved.
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humidity (45–65%) and with a 12 h light/12 h dark cycle. They
were fed on a standard laboratory diet (containing 590 g carbohy-
drates, 30 g lipids, and 160 g protein per kilogram of diet) and tap
water ad libitum. Care of animals was in accordance with institu-
tional guidelines.
2.2. Behavioral tests
Behavioral state of the animals was estimated in an ‘‘Open ﬁeld”
test using camera of 400  400 mm with 16 sectors. The animals
were tested along with three parameters: sector crossing, rearing
and hole dipping [14].
2.3. Determination of brain glucose consumption in vivo
Mice were deprived of food for 8–14 h before 18F-2-ﬂuor-2-
deoxiglucose (18F-FDG) injection. 18F-FDG (5.8–11.1 MBq) was in-
jected intraperitoneally after anesthesia with isoﬂurane (1.5–2% in
100% oxygen, IsoFlo; Abbott Laboratories). PET was started 60 min
after 18F-FDG injection as described in [15]. 18F-FDG was synthe-
sized as previously described [16]. The administered dose (FDG
activity) was indeed corrected for body weight.
We acquired 20-min static images 60 min after injection of 18F-
FDG. The biodistribution of 18F-FDG by the brain and heart was
compared between all the studied groups.
The PET images were obtained with the Albira small animal PET
(ONCOVISION, GEM-Imaging). Regions of interest were manually
drawn over the brain and heart with PMOD software. Tracer up-
take by these organs was quantiﬁed as %ID [%ID = (ROI/ID)  100]
(ID: injected dose; ROI: region of interest).2.4. Cerebellum granular cell preparation and analysis
A suspension of cerebellar granular cells was prepared from 10
to 15 days old laboratory SAMR and SAMP mice using the proce-
dures described earlier [17,18].
Cell death was measured by use of propidium iodide (PI, 3 lM),
which was added to a sample tube containing approximately 1–
2  105 cells 5 min prior to measurement.
N-methyl-D-aspartic acid (NMDA) is known to increase the rate
of production of ROS in neurons. The concentrations of NMDA we
used (0–500 lM) are those used in electrophysiological experi-
ments to elicit a normal agonist–receptor interaction.
ROS were measured using carboxymethoxy-20,70-dichlorodihy-
droﬂuorescein diacetate (DCF, 100 lM), which was added to the
sample tube 45–60 min prior to analysis.
In some experiments, ROS signal in cell suspension was mea-
sured in the presence of 50 mkM luminol using chemiluminometer
LKB 1250 (Sweden) or emission counter ‘‘Mark II” (Netherlands)
[19].2.5. Brain mitochondria isolation
After the animals were sacriﬁced by cervical dislocation, their
brains were quickly removed. Brain mitochondria were
obtained by differential centrifugation, as described by Rickwood
et al. [20].2.6. Mitochondrial peroxide production
The rate of peroxide production was determined in isolated
mitochondria using a modiﬁcation of the method described by Bar-
ja [21] and Borras et al. [22].2.7. Lipid peroxidation
Fe-induced chemiluminescence was used for assessing brain li-
pid oxidation [23]. Concerning protocol, 100 ml of cerebellum
homogenate was added to 800 ml of phosphate buffer (60 mM
KH2PO4 and 100 mM KCl, pH 7.45) and chemiluminescent signal
was initiated by addition of 0.1 mM 25 mM FeSO4. The reaction
was performed at 37 C under continuous stirring and measured
using chemiluminometer LKB 1256 (Sweden).
2.8. Protein carbonyls (PC)
PC were measured both in total homogenate prepared from
gray matter and in mitochondrial fraction using color reaction with
10 mM diphenyl hydrazine in 2 N HCl. Extinction at 375 nm was
used to calculate molar extinction coefﬁcient for diphenyl hydra-
zine equal to 22 000 M1 cm1 [24].
2.9. Stem cell preparation and analysis
Thigh bones of decapitated animals deprived with epiphyses
were cleansed through the bone stem channel with the warm
(37 C) 0.55% KCl using glass syringe. Suspension of bone stem cells
were collected into 3 ml centrifuge tube, gentle stirred and resti-
tuted during 15 min at 37 C. Measurements of ROS stationary le-
vel or ROS production induced by addition if 1 mM phorbol
myrystate acetate were done using emission counter ‘‘Mark II”
(Netherlands) [19].
For microscopic analysis of chromosomal aberrations samples
were stained with 0.1% azur eosine and counted the number of
chromosomal defects among each 100 metaphasic chromosomes
[25]. Percent of defects is different samples were statistically eval-
uated by Fisher test.
2.10. Quantitative real-time RT-PCR
RNA was isolated from tissues using the QuickPrep Total RNA
extraction kit (Amersham-Pharmacia Biotech, Piscataway, NJ), as
described by the manufacturer. Quantitative real-time RT-PCR
was performed using the Tth DNA polymerase kit (Roche Diagnos-
tics-Boehringer Mannheim), as described by the manufacturer.
Real-time quantitation of mRNAs for cytochrome c oxidase,
MnSOD, and glutathione peroxidase relative to GAPDH mRNA
was performed using the iCycler (Bio-Rad, Hercules, CA) with SYBR
Green I detection. The threshold cycle (Ct) was determined, and the
relative gene expression was expressed as fold change = 2(–DDCt).
For this study we used the primers we described in earlier work
[26] namely cytochrome c oxidase, 50-GGAACATACCAAGGCCAC-30
and 50-GAGCCGTAAATTCCGTCTG-30; MnSOD, 50-CGTGCTCCCACA-
CATCAATC-30 and 50-TGAACGTCACCGAGGAGAAG-30; glutathione
peroxidase, GACATCAGGAGAATGGCAAG and CATCACCAAGCCAA-
TACCAG; GAPDH, 50-CCTGGAGAAACCTGCCAAGTATG-30 and 50-
GGTCCTCAGTGTAGCCCAAGATG-30.
2.11. Statistics
Results are expressed as mean ± S.D. Statistical analysis was
performed by the least-signiﬁcant difference test which consists
of two steps: ﬁrst an analysis of variance was performed. The null
hypothesis was accepted for all numbers of those set in which F
was non-signiﬁcant at the level of P6 0.05. Second, the sets of data
in which F was signiﬁcant were examined by the modiﬁed t-test
using P 6 0.05 as the critical limit.
For real-time RT-PCR statistical analysis, differences between
means were analyzed using the one-way ANOVA. The Tukey
multiple comparisons test for all pairs of columns was applied as
Table 1
Behavioral characteristics of 10 month old SAMR1 and SAMP1 mice in open ﬁeld test
(expressed as number of events in which the animals performed each of the tasks).
Mean ± S.E.M., ‘‘*” corresponds to statistically signiﬁcant difference between the
groups compared using non-parametric Mann–Whitney criterion with P < 0.05.
n = 36.
Animal Square crossing Rearing Hole dipping
SAMR1 44.2 ± 2.8 13.2 ± 2.0 10.6 ± 1.8
SAMP1 29.3 ± 3.1* 7.8 ± 1.9* 5.8 ± 0.9
Table 2
NMDA-dependent ROS accumulation and neuronal death in cerebellum granular cells
of SAMP1 and SAMR1 animals. Mean ± S.E.M. ‘‘*” corresponds to P < 0.05. n = 4–6.
NMDA,
lM
SAMP1 SAMR1
ROS, Arb.U. % of PI labeled
cells
ROS, Arb.U. % of PI labeled
cells
0 104.6 ± 3.1 6.3 ± 0.3 99.4 ± 2.1 5.8 ± 0.2
100 112.7 ± 3.8 9.8 ± 0.5 112.2 ± 2.8 6.7 ± 0.3
250 172.7 ± 6.1* 25.4 ± 1.3* 142.1 ± 4.6* 4.9 ± 0.1
500 268.7 ± 5.3* 46.1 ± 2.3* 167.8 ± 5.0* 6.1 ± 0.3
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signiﬁcance. A commercial software package (Kaleida Graph 3.6
Software) was used to perform all statistical analysis.
3. Results
3.1. Differences in behavioural characteristics between SAMP and
SAMR mice
SAMP mice show impaired behavioural characteristics when
compared with SAMR ones at ten months (Table 1). We measured
square-crossing, rearing and hole dipping and in all cases SAMP
animals showed a worse performance than SAMR ones indicating
that the accelerated rate of aging caused more damage in terms
of behaviour in the case of SAMP animals.
3.2. Brain glucose consumption decreases with age in SAMP mice
Fig. 1 shows the effect of aging on glucose consumption in vivo
by the brain of SAMP animals. We ﬁnd that aging results in a
marked decrease in brain glucose consumption by these animals
in vivo. Heart glucose consumption was also lower in old mice
compared to young ones (2.9 ± 0.5 vs. 1.8 ± 0.8 %ID, P < 0.05).Fig. 1. (a) Brain glucose consumption in vivo measured by positron emission tomography
P < 0.05. n = 3.Moreover, when comparing old SAMP and SAMR mice, we
found that brain from SAMP mice consume signiﬁcantly less glu-
cose than SAMR (0.5 ± 0.3 vs. 0.9 ± 0.2 %ID, P < 0.05).
3.3. Neuronal ROS levels in SAMP and SAMR mice
The over-production of ROS results in damage and eventually,
in necrotic death of neuronal cells. NMDA caused a concentra-
tion-dependent increase in ROS levels, which reached much higher
levels in SAMP neurons than in those from SAMR. This increase in
ROS levels in SAMP animals leads to an increase in necrotic neuro-
nal death (see Table 2). Moreover, the time dependent ROS accu-
mulation in neurons in the presence of NMDA is higher in
neurons from SAMP than in those from SAMR (Fig. 2).3.4. ROS production by brain mitochondria from SAMP and SAMR mice
Fig. 3 shows the rate of mitochondrial peroxide production in
mice that were 12 or around 20 months old. In both cases the rate
of peroxide production by SAMP animals was approximately dou-
ble that of SAMR ones.. (b) Quantiﬁcation of brain glucose consumption. Mean ± S.E.M. ‘‘*” Corresponds to
2290 C. Borrás et al. / FEBS Letters 583 (2009) 2287–22933.5. Inverse relationship between glucose consumption and oxidative
stress in mouse brain
Glucose consumption is a critical characteristic of brain physiol-
ogy. Indeed, glucose is the major fuel for brain consumption. We
have shown (Fig. 1) that their consumption in vivo is decreased
with age. Now we wanted to test whether there is an inverse rela-
tionship between age-associated oxidative stress and brain glucose
consumption in vivo. Fig. 4 shows that indeed this is the case:
mitochondrial peroxide production increases with age and glucose
consumption concomitantly decreases. This is the ﬁrst time in
which glucose consumption in vivo is correlated with mitochon-
drial production of ROS.
3.6. Expression of antioxidant enzymes in brain of SAMP and SAMR
mice
To explain the lower production of radicals by mitochondria, we
determined the expression of antioxidant enzymes in brain of
SAMP and SAMR mice. We found that the two critical antioxidant
enzymes present in mitochondria were very signiﬁcantly lower in
SAM-prone animals than in SAM-resistant ones (Fig. 5). This ex-
plains the higher mitochondrial production of hydrogen peroxide
in SAM-prone animals (Fig. 3) and thus the higher level radicals ob-
served in whole neuronal cells (see Fig. 2 and Table 2).Fig. 2. Time dependence of ROS accumulation in neuronal suspension of 10-day-old
mice in the presence of 500 lM NMDA. Mean ± S.E.M. ‘‘*” Corresponds to P < 0.05
n = 6.
Fig. 3. Hydrogen peroxide production by brain isolated mitochondria. **P < 0.01
(18–20 months vs. 12 months), ##P < 0.01 (SAMP vs. SAMR). n = 5–6.3.7. Oxidative damage in brain of SAMP and SAMR mice
The increased production and level of ROS in SAMP animals to-
gether with the lower expression of antioxidant enzymes resulted
in a considerable oxidative damage in brain as measured in both
lipids and proteins. Table 3a shows that the level of lipid hydroper-Fig. 5. Expression of antioxidant enzymes in brain from 18 to 20 months SAMR and
SAMP mice. * > twofold change (SAMR vs. SAMP), n = 3.
Table 3a
Oxidation of brain membrane fraction of SAMR1 and SAMP1 mice of 10 months old.
Animals Lipid hydroperoxides (AU) Lag-period for oxidation (s)
SAMR1 84.0 ± 9.1 177.0 ± 5.7
SAMP1 115.0 ± 6.0* 130.0 ± 9.0*
Table 3b
Protein carbonyls measured in brain homogenate and brain mitochondrial fraction of
SAMR1 and SAMP1.
Animals Protein carbonyls (nmol/mg protein)
Brain homogenate
SAMR 0.77 ± 0.05
SAMP 1.04 ± 0.05*
Brain mitochondria
SAMR 1.6 ± 0.01
SAMP 3.1 ± 0.01*
Fig. 4. Inverse relationship between glucose consumption and oxidative stress in
mouse brain.
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SAMR ones. Conversely the lag-period for oxidation was signiﬁ-
cantly lower in SAM-prone animals than in SAM-resistant ones
(Table 3a). We also determined protein carbonyls in whole brain
homogenates and in brain isolated mitochondria and found that
proteins in the brain of SAMP animals are signiﬁcantly more oxi-
dised than those from SAMR ones (see Table 3b).Fig. 7. Chromosomal aberrations in stem cells of 10-day-old SAMP1 and SAMR1
mice. ‘‘*” Corresponds to statistically signiﬁcant difference between SAMP1 and
SAMR1 with P < 0.05. n = 5–8.3.8. Reactive oxygen species and oxidative damage to stem cells
Given the importance of stem cells in whole body maintenance
and the difﬁculty of obtaining signiﬁcant amounts of neural stem
cells, we decided to measure ROS production and cell damage asso-
ciated with aging in bone marrow stem cells. Fig. 6a shows that the
level of ROS in bone marrow stem cells is more than twofold higher
in SAMP animals than in SAMR ones. Moreover, when we treated
cells with 1 lM phorbol 12-myristate 13-acetate (PMA) to activate
intracellular ROS production, we found that the generation of ROS
was much more active in SAMP animals than in SAMR ones
(Fig. 6b).
We also measured chromosomal aberrations in stem cells of
SAMP and SAMR animals of one, six, and eight months of age. As
suspected, we did not ﬁnd differences between them when they
were very young, i.e. one month of age. However, at six and eight
months of age we did ﬁnd a signiﬁcant increase in the amount of
chromosomal aberrations in SAMP animals when compared with
SAMR ones (see Fig. 7).Fig. 6. (a) ROS levels in bone stem cell of 10-day-old SAMP1 and SAMR1 mice. (b)
ROS levels in bone stem cell of SAMP1 and SAMR1 in the presence of 1 lM PMA. ‘‘*”
Corresponds to statistically signiﬁcant difference between SAMP1 and SAMR1 with
P < 0.05. n = 5–8.4. Discussion
4.1. The senescence accelerated mouse as a model for aging studies
Aging is a biologically complex process. Many approaches have
been used in its study. The reductionist approach, i.e. changing one
or two genes of the whole genome is a very useful one [27]. There
is, however, another approach which also has to be considered and
this is selecting individuals with longer or shorter life span and
crossing them until one obtains a stable strain. One of the better
studied models of this type of approach is the SAM which were
introduced by the group of Suzuki et al. [28]. These animals show
interesting features like, for instance, increased levels of Alzhei-
mer’s amyloid beta peptide in their cerebral cortex [9] and an in-
creased latency time in the acquisition of knowledge [29]. SAM
animals show an over-production of ROS in their tissues which
causes accelerated senescence [30]. Thus, comparing physiological,
neurological, and molecular events in SAM mice with those of nor-
mal or SAM-resistant mice may yield knowledge in our aim to
understand and, if possible, delay age-associated damage.
4.2. SAM and free radicals
The very many hypotheses proposed to understand aging have
been collectively termed ‘‘Theories of aging”, which we have re-
cently reviewed [31]. One of the most prominent is the free radical
theory of aging. A big advantage of this theory is that it gives us
room for intervention. In fact, if oxidants are involved in aging,
antioxidants may help to delay the ravages of aging [32]. The free
radical theory of aging originally postulated by Harman [33] has
been closely scrutinized. Many lines of evidence indicate that it
is relevant to understand the process of aging, for instance, Barja
and his co-workers [34] observed that the maximum longevity of
several species across the animal kingdom correlates directly not
with the rate of oxygen consumption as originally believed, but
rather with the rate of radical production by mitochondria. So, cell
damage an eventually longevity, depends on the balance between
the rate of ROS production specially in the mitochondrial respira-
tory chain [34] and the activity of the detoxifying enzymes, partic-
ularly those which are located in the mitochondria [22]. However,
the validity of the free radical theory of aging has been seriously
questioned as its main corollary, i.e. that giving antioxidants is
beneﬁcial, has proved incorrect. A number of serious clinical
studies have shown that supplementation with antioxidant vita-
mins does not prolong life span, but may even increase overall
mortality [2–4].
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we have determined the production of oxidants by mitochondria
in SAMP vs. SAMR mice and have observed that indeed SAMP mice,
which have a shorter life span, have an increased production of
radicals and have also higher damage in their brains. This has been
determined by measuring the level of carbonyls both in mitochon-
dria and in whole brain extracts from SAM. This can be attributed
to the lower expression of superoxide dismutase and glutathione
peroxidase in SAM when compared with controls. SAM apart from
their basal increase in free radical production are burdened with a
further oxidative stress when their neurons enter into activity. We
measured the level of ROS in cerebellum granular cells when they
were stimulated by incubation with NMDA. We observed that at
500 lM NMDA the level of ROS was more than twice that of con-
trols and the level of neuronal death was approximately 50% of
the incubated cells. With these data in mind, we compared the
time dependence of ROS production in neuronal suspension and
found that it is signiﬁcantly higher in cells after 10 or 20 min incu-
bation with 500 lM NMDA.
The inverse relationship between chronic oxidative stress and
glucose utilization in vivo may be explained by the fact that oxida-
tive stress when associated to aging results in signiﬁcant damage
to cells (see Fig. 4). This may be partially reversed by antioxidants.
In fact we observed a direct relationship between oxidative stress
and DNA damage [35]. Thus, oxidant stress may lead to lower met-
abolic performance (including glucose utilization) by brain cells in
vivo. Moreover, recent evidence have shown that astrocytes in cul-
ture when subjected to chronic oxidative stress induced by 50 lM
of H2O2, consume less glucose and subsequently produce less lac-
tate than controls [36].
4.3. Stem cells and aging of SAM
Aging is increasingly seen as a stem cell disease [6]. In fact,
aging has been associated with a decline in the number and
functionality of some stem cells. Stem cells occur in many, if
not all body tissues. Interesting studies have been carried out
in skin, intestine and bone marrow cells [37–39]. Bone marrow
was for many years regarded as the source of haematopoietic
stem cells, but recent studies have shown that it contains not
only haematopoietic but also non-haematopoietic heterogeneous
stem cells [40]. The role of these non-haematopoietic bone mar-
row stem cells has not been fully established but Ratajczak et al.
consider that the bone marrow stem cells may be a key to lon-
gevity [40]. Moreover, it was recently proposed that organism
survival is related to the ability of stem cells to sustain tissue
regeneration [41]. Thus, maintenance of full functioning stem
cells seems to be essential for body function and eventually for
aging. In Fig. 5 we ﬁnd that ROS levels in stem cells from the
bone marrow of SAMP animals are considerably higher than
those in controls both in the resting situation and when stimu-
lated by PMA. Critically important, these higher levels of ROS
in stem cells result in chromosomal aberrations which are con-
siderably higher in all SAMP animals than in young ones or in
SAMR ones (Fig. 6). These results underpin the importance of
ROS in the maintenance of stem cells function and thus, probably
in organismal aging. Thus, results supporting this paper using
SAM mice, are in agreement with the basic postulate of the Free
Radical Theory of Aging, i.e. that radicals are involved in the
aging process. This however, does not necessarily mean that anti-
oxidant administration may lower the rate of aging.
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